Reviewer #1 (Remarks to the Author):
I basically recommend this paper for publication in nature communications, while I have some questions.
-To what extent the present findings on the inhomogeneous short range charge ordered structure could be interpreted as the picture realized in the bulk (layered) a-RuCl3 single crystal? The structural analysis has inconsistency regarding the transition and the symmetry above 150K, while the more microscopic analysis shows the charge inhomogeneity at higher temperatures. I see the authors claiming that the in-plane structures may be quite similar, but as the microscopic structure is rather peculiar/subtle (does not seem to be a regular long range order) films have some tendency to stabilize such situation.
-The authors say that the DFT calculations after relaxation shows the ABC-stacked a-RuCl3, but the present experiment basically deals with the thin film of 15-30nm thickness. As the detailed information on the DFT is lacking (even in the Supplementary info), it is even hard to understand to what extent the set up of the calculations mimic the laboratory situation. As the structure of the present material is rather fragile against possible perturbations, I wonder whether some surface relaxation effect may strongly influence the results [c.f. ]. The LDOS, in fact, seems rather regular (Fig.S5) ; does the local dimer+trigonal structure possibly due to the correlation/orbital effect, may influence such results. What should be the proper starting point only considering the spin-orbit interaction. (Does DFT properly include spin-orbit effect?) -Additionally, it is very useful to have an information on how the electronic structure of DFT looks like, and how different is the localized Wannier orbitals and the overlaps between them when considering the surface structure, since the present article aims to give a clue to the audiences to understand how close this film system could be close to the quantum spin liquid phase in the Kitaev Heisenberg model. This is a well-rounded experimental manuscript reporting a meticulously carried out analysis of the local structural and electronic properties of alpha-RuCl3 crystals/films using scanning transmission electron and scanning tunneling microscopies. The structural properties of alpha-RuCl3 have attracted some interest when this material came under new scrutiny as a possible Kitaev material (such as stacking faults arising in medium-quality samples) and the further clarification of its detailed space group by local scanning probes certainly an important experimental aspect. However, the most relevant results of the manuscript at hand certainly pertain to the electronic properties. New insights in this manuscript include (i) the measurement of the local density of states and the observation of a Mott gap, which unambiguously identifies monolayer RuCl3 as a spin-orbit entangled j=1/2 Mott insulator, and (ii) the direct observation of anisotropies in the charge density distribution along Ru-ClRu bonds arising from an intra-unit cell symmetry breaking of the charge distribution. This latter observation is quite striking as it implies an additional level of bond anisotropy (beyond the already established spin-orbit induced anisotropic local moment couplings), which needs to be reflected in the further theoretical modeling of this material. (iii) The observation that these charge anisotropies form on temperature scales considerably higher (!) than the expected strength of the Kitaev coupling, which remains a puzzle.
With these very nice experimental findings, the manuscript should be suitable for publication in Nature Communications. In preparing a minor revision, I would like to encourage the authors to reflect on the following points:
(i) The manuscript is a tough read at the moment. Beyond some minor English problems, the paper would benefit from a stronger emphasis on the electronic structure and an early overview of the main results. Currently, the structural part dominates the first half of the manuscript, which at points reads a bit dull.
(ii) In the abstract the authors make the entirely unjustified claim that the Kitaev spin liquid phase is "known to be a promising system for topological quantum computing". This is a blunt overstatement and I challenge the authors to point to a single reference that makes a concrete proposal using these types of spin liquid Kitaev materials as a building block of a putative topological quantum computer. I think it does not help the field of spin-orbit dominated materials to come up with such exaggerated claims.
More to the point, the Majorana fermions in the gapless Kitaev spin liquid are not usable for topological quantum computations at all. For this, it needs a gapped quasiparticle that carries a Majorana zero mode (which should be carefully distinguished from a Majorana quasiparticle and even more so from the simple occurrence of a Majorana fermion operator). Such a gapped quasiparticle would be a massive vortex in the gapped spin liquid arising from the gapless Kitaev spin liquid in a properly oriented magnetic field.
(iii) While the authors correctly call for theoretical modeling which includes the experimentally observed bond anisotropies, they might also want to refer to the already existing literature on related aspects, e.g. in PRB 90, 035113 (2014).
Reviewer #3 (Remarks to the Author):
This manuscript presents the results local electronic and crystal structure of RuCl3, which is attracting considerable attention from viewpoint of Kitaev model, using STEM and STM. The data are technically sound. The authors observed that crystal lattice at room temperature is trigonal and that a structural phase transition to monocle structure (C2/m) occurs around 150 K with large hysteresis, as observed in Refs.14 and 17). They also observed local lattice distortion and charge order. These observations will contribute for understanding electronic and structural properties of RuCl3. However, I think that the authors do not say concrete anything how their observations are related to low-temperature magnetic properties of RuCl3 and whether the spin-spin interaction in RuCl3 is close to the Kitaev model. Unfortunately, at present, it is difficult to find the importance and novelty of this manuscript in quantum magnetism, which are higher than those for the papers published, for example, in Physical Review B
Reviewer #1 (Remarks to the Author):
The We thank the reviewer for favoring the publication of our manuscript in Nature Communications.
-To what extent the present findings on the inhomogeneous short range charge ordered structure could be interpreted as the picture realized in the bulk (layered) a-RuCl3 single crystal? The structural analysis has inconsistency regarding the transition and the symmetry above 150K, while the more microscopic analysis shows the charge inhomogeneity at higher temperatures. I see the authors claiming that the in-plane structures may be quite similar, but as the microscopic structure is rather peculiar/subtle (does not seem to be a regular long range order) films have some tendency to stabilize such situation.
The question of whether structural, electronic and magnetic orders of bulk α-RuCl 3 material matches those found in thin films and on the surface is an important question and we thank the referee for broaching this topic. In fact, this question is universal for all STEM and STM/S measurements ranging from high-Tc superconductors to graphene and dichalcogenides. As we argue below, the results we have presented in this paper, although measured on thin films (STEM) and on the surface monolayer of α-RuCl 3 (STM/S), should be applicable to each of the quasi-isolated RuCl 3 layer inside a bulk sample. The reason for this is threefold:
(a) Based on the current experimental 1 and theoretical 2 (see also below our response regarding DFT calculations) understanding, it is reasonable to assume that the α-RuCl 3 can be treated as a quasi-2D material, in which each layer is nearly independent of the others. Taking into account the absence of dangling bonds, as well as the absence of alkali atomic layers above and below each RuCl 3 layer (in sharp contrast with iridates), we do not have any reason to believe that such quasi-2D system should develop any additional disorder specific to exfoliation/cleavage and reduction of the number of layers. This line of thinking is further supported by reports on similar layered compounds TiCl 3 and VCl 3 , 3 as well as by conclusions of Weber et al. 4 that an in-plane structure of α-RuCl 3 is maintained in the exfoliation process. Thus the modulations of structural and electronic orders reported in our study are likely to be found in each of quasi-2D layers that comprise a bulk sample.
(b) In regards to the structural transition at 150 K, it occurs because of slight re-organization of the planes. Since the change is mostly from a change in stacking formation the energy involved is rather small, < 1 meV/unit-cell. 2 This is further supported by inverse susceptibility data (for example, see Fig. S1 in study of Banerjee et al. 5 , or Fig. 2 in a paper of Kubota et al. 6 ) which shows that, functionally, the form and the anisotropy of the magnetic susceptibility remain unchanged across the transition. The magnetic susceptibility, and the anisotropy, arises almost completely from the in-plane interactions (for example, see discussion in a paper by Weber et al. 4 ), and any drastic change in the local environment from the phase transition should have also affected the overall behavior of the susceptibility through the 150 K transition. Since that is not the case, it provides further support for the fact that the 150 K transition is inconsequential for the overall structural and magnetic analysis of quasi-2D layers of α-RuCl 3 .
c) Finally, please note here, that the inhomogeneity in electronic charge order we report is statistically significant and is systematically present throughout the sample. This is not an artifact of a specific region of a sample which would have pointed to cleavage resulted damage. A surface-driven argument can be further negated based on new DFT calculations which we will present below. Thus, as far as the local inhomogeneity is concerned, we discuss our results within quite a commonly accepted framework in which local microscopic probes (such as STEM and STM) can detect minute variations from average structure (symmetry) that may simply not be seen (averaged out) in the spectroscopic, or reciprocal space, measurements of bulk samples. 7 For all the above points our study of structural/electronic orders in thin films and on the surface at room temperature is likely to be relevant for the bulk and for a wide range of temperatures. While our study unambiguously establishes the presence of peculiar nanoscale (dis-)order, and discusses it potential implications to underlying magnetic Hamiltonian, this definitely opens the room for a more detailed investigation regarding the exact forms of this (dis-)order which would be a subject of future studies.
We have added a part (a) of this discussion in the supplementary section S.8 to clarify this issue.
-The authors say that the DFT calculations after relaxation shows the ABC-stacked a-RuCl3, but the present experiment basically deals with the thin film of 15-30nm thickness.
As mentioned in the point (b) of the previous section, and elucidated in the paper by Kee and Kim using DFT 2 , the out-of-plane interactions are rather weak, and the difference between the two unit cells from the perspective of in-plane structure should be rather small. Given this preinformation, in the present study, we did not investigate with DFT whether the ABC stacking is energetically more favorable than another type of stacking. Instead we use the experimentally observed at room temperature (see Fig. 1a, Fig. S1 , and also Fig. 2 ) P3 1 12 unit cell (with ABC stacking) as a starting point to investigate the atomic distortions within the RuCl 3 layers. However, we did attempt to perform DFT with a C2/m starting point as well. Not surprisingly, our conclusion has always been that the contraction of Cl atoms illustrated in Fig 3a in We do agree that a DFT based investigation of the stacking, which simultaneously encompasses the modulations, on the other hand is an important problem that we did not address and we certainly cannot preclude a possibility that it could be sensitive to factors such as the film thickness. We leave these subtle issues to future investigations and focus our DFT studies in this paper only on the matter of the intra-layer (i.e. in-plane) atomic displacements, as these are the type of distortions that we are inferring from our microscopic experiments.
As the detailed information on the DFT is lacking (even in the Supplementary info), it is even hard to understand to what extent the set up of the calculations mimic the laboratory situation.
The details are given in the Methods section. To better clarify this we now refer to the Methods section in the part of the text that discusses the DFT results in Page #7 (line #196).
As the structure of the present material is rather fragile against possible perturbations, I wonder whether some surface relaxation effect may strongly influence the results [c.f. ]. The LDOS, in fact, seems rather regular (Fig.S5); does the local dimer+trigonal structure possibly due to the correlation/orbital effect, may influence such results. What should be the proper starting point only considering the spin-orbit interaction. (Does DFT properly include spin-orbit effect?)
To demonstrate theoretically the insensitivity of the LDOS with respect to surface relaxations we added an extra section in the supplement (see section S.7) in which we compare the spatially and orbitally resolved DOS from a bulk and a slab of alpha-RuCl 3 . The LDOS from the slab and the bulk calculation are very similar and neither of them shows a reordering of the charge. Therefore surface relaxations do not seem to be a possible explanation of the experimentally observed charge order. Instead we think a proper starting point in terms of spin-orbit coupling and interactions is a more urgent thing to look at, as also suggested by the referee. As we speculate in the end of the manuscript, the observed dimer+trigonal charge order(s) could be associated with a magnetic short-range correlations persisting above T N . Via a strong spin-orbit coupling the magnetic structure could alter the orbital occupation of the Ru atoms and thus explain the experimentally observed charge structures. Unfortunately, in the currently used DFT code (VASP) it is not possible to extract the LDOS (= simulated STM image) in the presence of spin-orbit coupling. In future investigations we intend to find a workaround for this technical problem and compute the LDOS in the presence of interactions and spin-orbit coupling. In the mean time we believe that the presentation to the community of the important experimental findings in this study should not be delayed because of that. We thank the referee for this comment and note that there have been several reports on the electronic structure already. In particular Ref. (1) in the manuscript gives a detailed account on the influence of interactions and spin-orbit coupling on the electronic structure. In section S.7 that was added to our revised supplement we compare the DOS from the Ru-d orbitals in bulk α-RuCl 3 and from the Ru-d orbitals in the surface layer of the three RuCl 3 layer slab with 10 Ang of vacuum. Specifically, we note that the Ru-t 2g band width in both cases are very similar (roughly within [-1.0,0.2] eV) indicating that the overlaps between the Ru-t 2g Wannier orbitals in the bulk are very similar to those in the surface again reflecting the quasi 2D-ness of α-RuCl 3 . We thank the reviewer for a careful scrutiny and providing above this very nice summary of our work. We are grateful for the highly positive comments on our work and for recommending publication of our manuscript in Nature Communications.
We highly appreciate the suggestion of the referee to improve the readability of the manuscript.
To address this issue we have significantly shortened the section on the structural measurements and the technical details relevant to the measurements in the beginning of the manuscript. We have systematically moved some of these details to the 'methods' section and the figure captions. Instead, to emphasize the electronic results right in the beginning, we have added an early overview of the results, as suggested by the reviewer, in the last paragraph of introduction (Page #5)
With these changes, we think that the manuscript will lead the readers more directly to the interesting results.
( We take the referee's point on board. The phrase that the Kitaev spin liquid phase is "known to be a promising system for topological quantum computing" has been removed from the abstract, and has been replaced with the phrase "...is proposed to host the celebrated 2D Kitaev model which has an elusive quantum spin liquid ground state, and fascinating physics relevant to the development of future templates towards topological quantum bits.".
We do note that the huge interest in topological quantum computing that has come from various strands of Kitaev's work is a testament to the importance of this field, and it needs to be mentioned to pay the correct tribute. Additionally, there are recent theoretical attempts (such as strain-induced gapping of the Kitaev QSL excitations 8 ) to extend the relevance of this model beyond just the academic interest towards possible quantum information storage. Our study of thin films and surface properties will enable such studies in the future. We referred to some of these researches in the introduction in the revised manuscript when mentioning about the potential usefulness of our results towards this interesting problem.
(iii) While the authors correctly call for theoretical modeling which includes the experimentally observed bond anisotropies, they might also want to refer to the already existing literature on related aspects, e.g. in PRB 90, 035113 (2014).
We thank the referee for drawing our attention towards this very interesting paper. This PRB study discusses a sensitivity of the collective spin-orbital states of the honeycomb KitaevHeisenberg model to small perturbations in lattice structure and is therefore directly relevant to findings of our manuscript. We have referred to this study in the revised version of our manuscript.
***
